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Astrometric and Geodetic Properties of Earth
and the Solar System

Charles k’. Yodm-
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1. B A C K G R O U N D

The  mass, size and shape of planets and their satel-
lites and are essential information from which one can
consider the balance of gravity and tensile strength,
chemical makeup and such factors as internal tempera-
ture or porosity. Orbits and planetaIy rotation are also
useful clues concerning origin, internal structure and
tidal history. The tables compiled here include some of
the latest results such M detection c)f densities of Plu to-
Charon  from analysis of HST images and the latest re-
sults for Venus’ shape, gravity field and pole orientation
based on MagcHan  spacecraft data. I)ata concerning
prominent asteroids, comets and Sun are also included.

Most of the material here is presented as tables. They
are preceded by brief explanations c)f the relevant ge~
physical and orbit parameters. More complete explana-
tions can be found in any of several reference texts on
geodesy [109, 74], geophysics [56, 58, 110] and celestial
mechanics [13, 88, 98].

2. G R A V I T Y  F I E L D  S H A P E  A N D  INTER-
NAI)  S T R U C T U R E

External Gravity Field: The potential exhnzll  of
a non-spherical body [109, 57] at latitude ~ and longi-
tude A and distance r(~, A) > & can be represented as a
ser~,~ wit) associated I,e~endre polynomials, Pnj (Sin @),
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()u = y ‘~m -~ “’ (CrLj COS A + S,lj sin J) Pnj, (1)
n,j=O

and j s n. The zo~lal l,egendre  polynomials Pno(z)  for
n<7 are

Pao = 1
Ijo = x
I’m = (3Z2 – 1)/2

1

P~o = 5X3 – 32) /2 (2)
P40 = 35x4 – 30z2 -i 3] /8
P50 = 63x5 – 70z3 -i- 157)/8
}’~o = 231z6 -- 315x4 +- 105z2 - 5) /16.

Higher order  zonal  furic.tions can be derived from

Pno = - -1—<: (X2 - 1)’.p~n!  &n (3)

or from the recursic~n relation

(n -t l) Pn+l,o =: (27/+ l)l!Pn,o  – rrPn_l,o (4)

~’be tesseral  (j < 71) atld scctorial  (j = n) functions can
be deduced from

(5)

T h u s  1’11 = COS+, P71 =- 3s in  ~)cos~, P22 = 3cos2q5,
etc.

Surface topography can be expanded in similar fash-
ion with .&C~rn arid ~{cs~~  as coefficients of the re-
spectiw I.egendre  fun ctiorls.

G r a v i t y  F i e l d  Eq)allsion  Cocffieients:  ‘l’he di-
mensiol]less  gravity field coefficients C,,j : Snj of har-
monic degree ?L and tcsseral  order j are reIated  to the
followil lg volume integral.
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(6)

/
ciVp(r’)r’n  Pnj(sin  4’) (cosjA’  : sin j~’)

where ~1* and A’ are the latitude and longitude at inter-
nal position r(#, A’).

Iloth  surface undulations and internal density varia-
tions contribute to the effective field. For an equivalent
representation in terms of just clensity variations, then

~(r)  “ ~ (P$j (~) : Pij (r)) x (7)
C, S,n,j

Pnj(SiTl f#) (COS~O : sh~o) ,

and

A first order estimate of the contributiorl  of uncrmz-
pensaicd  topography with radial harmonic coef%cient
C~J to gravity is given by [12]

(9)

where p, and ~ are the crustal  and mean densities, re-
spectively.

Airy Coxnpensation, where surface topography of a
uniform density crust with average thickness H is corl I-
Pensated  by bot tom crustal  tc)pography,  hm  external
gravity which is smaller by a factor of (1 -- ((R. -
11)/1 /.)’’  +2).

J~: The usual convention for representation of tl)e
zonal coefficients is as Jn,

J. = –Cno . (lo)

The normalized r~nj : Z;nj Coefllcients  are

(C.j : ~,lj ) = Nnj (Cnj : Snj  ) . (11)

The normalization factor Nnj is

(12)

Kaula’s  Rule: The gravity field power spectra func-
tion CTg for many  solid planetary bc’dies  tend tO fOllOW
Kaula ’s rule,

Ug = ~y (G:lj + S:j) ~ (2”+ Q:; j (13)
n= Oj=C

where u is constant and g is = 4 . A similar scaling is
fou~ld for topography with

~2
A, —_—. .— .

‘t- rt(rz+l)
(14)

and t a constant.
Moments of Inertia: The 2nd harmonic coefficients

are related to the moments of inertia tensor Iij where ~
and j = 1, 2, 3 correspond to the {x, y, z} axes,’ respec-
tively.

( )
jkflL~C20  = -- C - ;(B + A )  , (15)

Mlt:CZ2 = ; (B - A), (17)

where C, R and A are the principal moments about the
z, y and x axes, respectively (that is, C = ]33, B = 122
an<] A = 111). The coordinate frame can be chosen such
that the off-diagonal Iij vanish and c > B > A and iS
significant as it rq, resents a minimum energy state for a
rot sting body. The choice for Re is somewhat arbitrary,
ali bough the c.ol Lvention is to choose the equatorial ra-
dius. The moment for a uniform sphere is ~MR2, and
if we wish to preserve the 2/5 coef%cient for the mean
moment 1 =: (A -i B -E C)/3 for a triaxial ellipsoid, then
R, = (a2 -t” bq + c2)/3  is the appropriate choice. The
volumetric meal I radius Rv = =C and differs from R
in the second order.

The potential contributions from surface topography
can be appreciated from a consideration of a uniform
t] iaxial  ellipsoid with surface defined by

(:)2+ (;)2} (:)2 =,. (18)

~’he harmcmic coefficients and maximum principal
]Iloment for a triaxial ellipsoid with body axes a > b > c
and with uniform  density  are (to 4th degree)

((,7 20 = Ji2 / . ;(cz2  + b2)) ,
0

(722 = ~o:2 (b2 -- a’) ,
0

15
C40 = -7-C;. ,

(19)

(20)

(21)
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C’M = gc20c22 , (23)

c= ~ (a2+b2)M ~ 1– ~MR~C20. (24)

while from symmetry the cocfflcicnts  with either odd
degree n or order j vanish.

Hydrostatic  Sl~ape:  Thehydrostatic  shape [24, J8,
124] of a uniformly rotating body with rotation rate w.
and radial density structure is controlled by the rotation
parameter m and flattening f,

(25)

Other choices for the spin factor which appear in the
l i t e r a tu re  a re  ?71, = w~ba2/GM  := rn(l -- j), mO =
w~R~/GM Y rnv(l  – ~fz) a n d  mg = w~a/ge.  ‘l’he el-
hpticity  Z = fl~”(~/u)2 is sometimes used instead of
f.

The relatioIlship  between 32, J, and ~ (.?= f (1 - ~ f )
and ii, = w(l – if) ) k [24]

An expression for the hydrostatic flattening, accurate
to second order, is [50]

(28)

The mean moment of inertia for a fluid planet is also
related to ~ and m through an approximate solution to
Clairaut’s  equation.

(29)

where q = dln  ~(z)/dln x is the logarithmic derivative
of the flattening, and pO(Z)  = 3g(z)/4~x  is the mean
density inside radius z, and is proportional to gravity
g(z). “Jhe solution of (29) results in a relationship be-
tween f, 771 and the mean moment of inertia I which is
only weakly dcpcndcnt on the actual density profile for
solid bodies.

(31)

T(7)) = 1 + ;1]- ;.7)’  - J1T6— .—. ——. .—
<1-:,  - ;----–”- “

(32)

(33)

Hot], 61 and 62 arr srnal] for terrestrial planets (e.g.
–0 .0005 ~61 <0.0008 and 0.48m ~ 62 ~ 0.8nr ). l~or
Earth, 61 = -0.00040 and 62 == 0.49rn . The above
relationships connecting f, rnv, and J 2 appear to be
self-co~lsistent for the giant planets though significant
surface zonal winds arc observed. However, the factor
61 can l,e relatively large (0.05 <61< 0.08) for a variety
of plausible giant planet interior models [51], such that
(30) provides an upper bound on I/MR2 for 61 = O.

A satellite’s shape is also influenced by secular tides
raised I)y the planet. ‘J’hc spin factor is augmented by

Ithe factor 1 + ~ (~i/w~)2 (1 – ~ sin ‘c)] for non-synch-

r o n o u s  rot;tion. IIerc n is orbital r;ean motion, w,
is satellite spin rate arid c is satellite inclination of its
equatol  to the orbit. Most satellites have synchronous
rotatiol,  for which the hydrostatic shape is triaxial.  The
expected value for the ratio (b–c)/(a–c) is 1/4 for small
m PO, 30]. A first orcler solution relating the flattening
\I = (a – c)/a , gravity factor J ] = J2 + 2C22 and spin

= 4rn is obtai]led  by replacing these factors (i.e.
~~. fl, J2 + J’ ar]d m --> ml) in (26).

Surface Gravity: ‘J’he radial component of surface
gravity g(r,  ~)) for a u~liforrnly  rotating fluid body is

g=: :~ (1.+ SJ2(;)20 -3sin2d) (34)

)- m  (~)  ’cos’~ (35)

The equatorial gravity is

g, = g((,, 0) = c;:
( )

14; J2-nl , (36)

while the polar gravity is

~(1-3(;)’’J2).9P “ ‘“/‘“ (37)

Geodetic Latitude: The geodetic (or geographic)
latitude @ measures the angle formed by the surface
normal \ ector  o]] the plane of the equator and is related
to the geocentric latitucle  ~ by (see Figure l)

()
2

tan f#,’ z ~ tan~ = (1 --- f)ztan~ .
a

(38)

An exJ)ansiorl for the difference angle is

@ – ~’ e ~sin 2~~(1 - 2~sir, 24’), (39)
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w}lere

T= .f(l -- ;j)/(1 - j)’. (40)

Normal gravity to the ellipsoid is [74]

3. ORI?lTS AND TIIEIR O R I E N T A T I O N S
,!:, ,’

Orbits of all planets and satellites are slightly ellip-
tical in shape where the orbit focus lies at the primary
center of mass and is displaced from the ellipse center
of figure by ea, where e is the mbit eccentricity and
a is the scrnimajor axis. The ratio of minor to major
axes of the orbit  ellipse is fi~~. The rate$hat area is
swept out relative to the focus is gcwerned  by the Keple-
rian condition rz ~t f ~constant where the angle ~ (true
anomaly) is measured relative to the nli~]imum separa-
tion or pericenter. ‘l’he mean motion n = ~ (1 + w + !2)
and the orbital period is 2n/n. ‘lJhe radial position is
governed by the following two relations which connect
the radial separation r, semirnajcn axis a, eccentricity
e, true anomaly ~ and mean anomaly 1 (which varies
linearly with time for the strictly two body case),

lf ~ is known, then r and 1 are found directly. On the
other hand, if / (or the time relative to perihelion pas
sage) is known, then J and r can be obtained by itera-
t ion. An alternative is to employ the ecce~it ric anomaly
E which is directly connected to ~ and 1.

(43)

r= a(l – ccos  E). (45)

The eccentric anomaly 1; measures the angular position
relative to the ellipse center.

For small c, the equation of center is [88]

Similar expansions of a/r and r/a in terrm of the mean
anomaly are

a— = 1 -& e(l – ~e’)cosl+ e’ cos2/+ ~e3cc,s31, (47)
T

T
. . = l+~e2--e(l  - ~e’) COS-4– ~ez cos2&~e3  COS3.4(4$)
a

q’)le natural {z, y, .z] coordinates of the orbit which
lie ir, the {z, y} plane are I

[1

r’cos(f+ w)
r= rsin(f -t w) (49)

o

l’l, e spatial orierltation  of an orbit relative to the
ecliptic and cquinc~x  is specified by three Euler ‘angles:
longitude of the ascending node Q describing the posi-
tion of the intersection line relative to a fixed point on
the ecliptic, argument of perihelion w measured from
the ~jode to the pericerlter  and orbit inclination 1. The
{z, y, z} coordinates i)) this frame are

re

[

cos(j + w) cos~ – cos ]sin($ + w) sin Q
—. = cos(j +- w) sin Q +- cos Isin(/ -t w) cosfl
r

1

(50)
sin 1 sin(f -1 w)

The ecliptic spherical coordinates (longitude + and lat-
itude @) of the pc~sit ion vector re are defined by

[:1=[2’!:::1

(51)

The {x, y, 2 } planetary, orbital coordinates relative
to an angular, equatorial coordinate frame centered in
the sun depend on earth’s obliquity c and are

rg =  )Lr. (52)

The rotation matrix IL , by column, is

[1

Cos Q
RI = cos e sin Q , (53)

sin c sin Q

I

— cos I sin C?
R 2 =

1

cos c cos I cos Q - sin c sin 1 , (54)
sin c cos 1 cos Q -1 cos c sin 1

I

sin .Z sin Q
R 3 = – cos ~ sin I cos fl - sin c cos I

1

(55)
— sincsin I cosfl -t cosccosl

4’
I’he ~,eocentric position r& of a planet (still in equa-

torial cc)ordinat.es)  is given by

r’; = rg + rO (56) ‘

where r<> points fro~n earth towards sun and rg points I
from SU][ towards planet.

R.A. and Dec.: The  right ascension CY and decli-



nation  6 of an object relative to earth’s equator and
equinox (see Figure2) arcrclated to the componentsof
r; by

z; = r cos a cos 6

!&  = r sin a cos b (57)

% = r sin 6

If a translation is unnecessary, M with planetary poles
of rotation or distant objects , then (57) can be used to
relate the orbital elements to a and 6. The equatorial
and ecliptic coordinates are related by

[

1 0 0
re = o Cos (

1

sin ( rg (58)
(J – sill c cosc

Kepler’s Third  Law: G Mt = n2a3 (JJt = JJp]anet  +
Msate]lite)  for satellite orbits is modified by zonal plane-
tary gravity, other satellites and Sun. ‘l%e lowest order
expression is [82, 79]

N2A,=GAIt(l+;J2 (:)2 --:J4(:)2  ,59)

lno’
( ) (—.

‘~ N )
l-~sin2f)+.P ,

(60)

([ (1  + Sj)(l - c?;) -t 24] b:,2(crj)  - 2aj&2(%))  ~

where N and A are the observed mean motion and semi-
major axis, respectively and c is the planetary obliquity
to its orbit. The orbital period is 2T/N. The s u m
P gives the contributions from all other satellites of
mass Mj and depends on Lap~ace coefficients b?l’(o  )
and b~,z(~)  which in turn can be expressed as a series
[88, 13] in a = a</a>.  For a given pair, a< and a, are
the semimajor  axes of the interior and exterior satel-
lites,  respect ively.  The factor  Sj = 1 if a < aj and
Sj=–lifa>aj.

Laplace Coefficients: The expansion of the fun c-
tion A-s = (I+a’ - 2CYCOSX)-’  is

(61  )

l’he  general coefficient ~(a) is

n
~(cr) = ~

J
rk cos jx (] + rY2 - 2a COSZ)-’  (62

TO

Cj~q ‘=
(

r(s -+ ~)Iys + j-+ ~)r(j + I)-— . . . -.. — .—. -
–)

(63)r[s)l{s -i j)IT(I + I +- q)r(9  + O

I’(x) = (Z – 1)1’(r  -- 1) is the Gamma function. Also,
~(l) = 1 and 1’(1/2) : {n.

Apsidal  and Ncjdal  }’rwccssioll: The satellite node
and ar~,umcnt of pcriapse  also precess  and the lowest
order expressions are [82] (G = w + Q)

Here “~ is the contribution from other satellites and is

(66)

(67)

Invariable F’lane: ‘1’he  action of the sun causes

satellites to prccess  about the normal to the invariable
plane  (also known M the Laplacian  plane), which is in-
clined by i to the planetary equator, and defined to
lowest order by

2 J2 sin(2i)  :=: (~~ )2 (1 - e2)-’J2  sin 2(c - z’). (68)

The invariable plane normal vector lies between the
pla!letary  spin vector and planetary orbit normal and
the three normals are coplanar.

I ‘lanetary I’recession:  The precession of a planet’s
spill axis (if we ignore the variations induced by the
motion of planetary orbit plane [64]) resulting from the
SU]L and its own satellites is given by [98]

(69)

}vhere C is the polar moment of inertia and w~ is the
planet spin rate. Numerical modeling of the long term
behavior of the c,bliquity of terrestrial planets [64, 112]
indicate that their orientation (especially Mars) is at
some tinle in their histories chaotic.

CZLSShLi  State: I’he mean orientat ion of  a  syn-
{ hronously  locked satellite is described by three laws:
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l’hc  same side of the moon faces the planet. ‘l’he satel-

( )

l/3

litc’s rotation axis lies in the plane formed by the orbit A~~OChC  = 2.4551”~ ;; (73)

normal and invariable plane normal. The lunar obliq-
uity is constant. 5.

The lunar obliquity relative to its orbi~  C$, depends
11’IDES ANII T I D A L  F R I C T I O N

of the satellite precession rate ~ 0 in addition tcl the Love Nunlbcrs:  ‘J ‘he elastic deformation of a satel-
moments of inertia [87]. lite due to either  a tide raised by the planet or de-

:t Q 3 .

(

C - A format ion caused a satellite’s  own rotation is set by
- sin(cs  -– 1) = – -- sln c~ - ------ cos cs

2 c
(70)

n
the di~nensionless Love number  kz. The corresponding
changes in the moment of inertia tensor are

III-A  .21
‘-i- c )—-szn –(s .

2

4. DYNAMICAI,  C O N S T R A I N T S

A few simple parameters are defined here which are
useful in determining dynamical characteristics of plan-
ets and satellites.

Escape Velocity Um and Minimum Orbit Ve-
locity VO : l’hc minimum velocity to orbit just above
the surface of an airless spherical body of mass hf and
radius R is VO while the minimum velocity necessary for
an object to just reach infinity is v~.

(71)

‘Vm = tivO = 118.2
(&)(--x”-l;’’)’’’n’s-l”

Hills’ Spllcrc: A roughly spherical volume about
a secondary body in which a particle may move i n
bounded motion, at least temporarily. The Rills) ra-
dius h is proportional to the cube root c,f the mass ratio
A4,/A4P of satellite to planet.

( )M. “3

( )

1/3
-— ——-

“ “ ‘a 3MP
z, .lt.-& ;, (72)

where ~ < 1. This factor also reduces the effective es-——— —.
cape velocity by a factor of w ~1 – I&/h.

Rochc  Limit: A fluid satellite can be gravita
tionally  disrupted by a planet if its Hills’ radius is
smaller than the satellite’s mean radius of figure, R.~.
‘l’hat is, for IL s h, a particle will move off the satel-
lite at the sub- and anti-planet positions (orbit radius
A ~ 1.441~(pp/p~)1i3),  and defines a minimum orbital
radius inside which satellite accretion from ring mate-
rial is impeded. The Darwin condition where a fluid
body begins  to fill its Roche lobe is less stringent and
is [20]

(74)

Here ui are the direction cosines of the tide-raising satel-
lite a< seen from the satellite’s body-fixed reference sys-
tem (i.e. tii = r-E/r),  while ~i are the Cartesian comp~
ncnts  of the spin vector.

Tl, e Love number  k2 rx 3/2/(1 + 19p/pgR)  for small
homogeneous  sat ellites. An appropriate rigidity p for
rocky satellites is W5 x 10)1 dyne-cm-2 for rocky bod-
ies and w 4 x 10]odyne-cm-2  for icy bodies. Fluid cores
can substantially iricrease  k2. For fluid planets, the
eqrri~,alent h~drc)st atic k 2 (fluid) = 3Jz /rrr is appropri-
ate, where m = w: H3/GM is the rotation factor defined
earlier in equaticm (25).

Tile term proportional to n. arises from a purely ra-
clial distortion and depends on the bulk modulus, K.
An expression for 710 has been derived for a uniform
spherical body [12.0].

‘=%%,!) (1+++ (76)

Ty~,ically,  K - ~p and thus nO N k2 for small satellites.
‘The surficial  tidal deformation d(R’) of the satellite

at a point R’ depcllds  on the interior angle 0 subtending
the surface R! and satellite r position vectors [62]. Its
magnitude is set by two additional Love numbers h2
and 12. Also, h 2 R ~k2 and 12 R ~ k2 for small objects.

d : ~~r~~i ~h2R’P20(cos 0) - 312;R’sin  8 cos 0) , (77)

where g~ is satellite gravity and ; is a unit vector, nor-
mal to R’ and pc)i~ltirlg  from R’ toward r.

‘1’idal A ccelcration and Spin Down: The tidal
acceleration of a satellite caused by the inelastic tide it
raises on a planet with rotation rate UP is given by



with} a and 71 are semimajor axis and mean motion,

respectively. The planetary dissipation factor QP m
I/(tidal phase lag) is defined by

Q-, ~ _l AE
27r E, ‘

(79)

where Ee  is the elastic distortion energy and AE is the
energy dissipated during one flexing cycle. ‘The rate
that a satellite’s own spin changes toward synchronous
rate due to the inelastic tide that the planet raises on
the satellite is

where C~ is the satellite’s principal moment  of inertia.
The contribution of a satellite to the despinning of a
planet is

YOL)ER 7

ij the oljject’s  spill is noi locked in a spin-orbit res~
nance.  ‘J’he gravitatimlal torque exerted by a planet
a satelliie’s  figure decreases the wobble period by the
factor 1)- 1, where

D2 = 1~1 112 (83)

and

Dl=. 1+:(1 ..6n,ws) ( : , )2 , (84)

( )

2
r~2 ~ 1  +- ;(1 + -  r$n,w,) ;, (85)

T h e  fu~)ction 6n,ti,,  = 1 if satellite rotation is syn-
chronous (i.e. w~ = r~) and zero otherwise [12, 118].
I’or a body  with a ffuid core, the moments of iner-
tia C > B > A are of the mantle only. Finally, the
classticit~  of a body increases the period by a factor of
H J~/(J’ – +k~m).

q’he wobble damping time scale w is

(86)

W o b b l e  Period  and Damping Rate: The free
eulerian  nutation period T w of a rigid triaxial b o d y
(which for earth is known ass the Chandler wobble) is
[62]

,

z

!NORT}{  POLE NORMAL

EQUATOR
I

Fig. 1. Spheroidal coordinate system.

The function F is of order unity and depends on the
moment. differences, a := (C– B)/B and ~ = (C– A)/B.
For non-synchro~lous rotation, the explicit expression is
[1181

F= ()) {-1.+?  ~’ 2 2 
1+ ;

2ii -fi+.@
(87)

POL f

z ,

EC1.lPl

Fig. 2, Angular location of distant object relative to
equatorial (a, 6) and ecliptic (+,  /7) reference planes. Equinox
origin is kl(own as the first point of Aries.
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Ta]lhc  .1,. I&si.c  .Ast  rol~c]nlic_aLCx?&aIILs——. .

Tirnc units
Julian day
Julian year
Julian Century
‘1’ropical year

(equinox to equinox)
Sidereal

(quasar reference frame)
Anomalistic year (apse to apse)
Mean sidereal day

d = 86400 S

yr = 365.25 d
~y == 36525 d
365.2421897 d

365.25636 d

365.25964 d
23h56m04?09054
86164.09054 S

Defining constants
Speed of light c ~ 299792458 rn S--l
Gaussian constant k E 0.01720209895

Derivcxl  constants
I.ight  time for 1 AU: 7A

Astronomical unit distance
AU = CTA

Gravitational constant: G

Solar GMQ = k2AlJ3d-2

Solar parallax
mo = sin “(aC/AU)

Constant of aberration (J2000)
Earth-Moon mass ratio
Otrlic~uity  of ecliptic (J2000)
General precession
in longitude

499.00478370 S

1.495978706(6 4:5)
xlO1l  m

6.672(59 + 84)
XI O-” ll kg–l m3 s-7

1.327124399(4 + 3)
xlOpO m3 S – 2

8’!794144
FC = 20’!49552
81 .3005(  87+ 49)
c = 23 °26’21’!4119

5029’!0966  Cy-”]

IA U(1976) values
light time for ] AU: TA 499.004782 S
Astronomical unit distance

A U 1.49597870 x 10]1 m

——. —.. _— _- ..—.

Table 1: Notes: Modern planetaly ephemerides such as
1)1; 200 [I 03] determine the primary distar~ce scale factor,
the astronomical unit (AU). ‘J’his unit is the most accu-
rate astrornctric parameter, with an estimated uncertainty
of +.50ni (Standish, priv. comm. ). I,unar laser ranging and
lunar orbiter I)opplcr  data determine the earth-moon mass
ratio [38][32]. The (IAU ,1976) system [95].

T a b l e  2. Eartll: C%c~dctic  and Geophysic~l  Data--— —.—— -.. ..—. -.-.  —.—. — ,

Mass
Mean radius RV 1
DeIlsity
Eqllatorial radius
(IAU,1976)
(Geod.  ref. sys., 1980)  2

(hfcrit,1983)
F l a t t e n i n g  j = (o -
(IA U,1976; Merit)
(G. RS.,1980)
Polar axis: b =- a(l  -
Gravity Jz coeff.
(IAU,1976)
(GEM 1’2,1990) ‘3

C22(X1O-6)
S27(X1O-7
(B - A)/A4a2  (x IO-
Lol,gitudc  of axis a
Surface gravity 2

gr, (m s- 2)
9.
go = GM/R;

b)/a

f) 2

6,

precession con st ant 7

G (Polar moment)
B
A
Mean morrient ]

Mean rotation rate: u

rnv = w21{~/C~Me~
m = w2a3/GM~
Hydrostatic ~Zh
Hydrostatic .fh
Fluid core radius(PRI~M)
lnrrer core radius
Mass of layers

atmosphere
oceans
crust
mantle
outer core
inner ccjrc

Moments of itlcrtia
M antic 1,,, /A4002
Fluid core: lf/M6)a2

5.9736 X 1024 kg
6371.01 + 0.02 km
5.515 g cm-3

a z 6378140 m
a = 6378137 m
a = 6378136 m

1/298.257
1/298.257222
6356.752 km

0.00108263
0.0010826265
1.5744
–0.9038
7.2615
14.9285° E

9.8321863685
9.7803267715
9.82022

11 = JzMa2/C
3.2737634 X 10-3

0.3307007Ma2
0.3296181Ma2
0.3296108M 0

2

0.3299765Ma2
0.3307144MR;
7.292115

XIO–5  rad S–l
1/289.872
1/288.901
0.0010722
1/299.66

3480 km
1215 km

5.1 X 1018kg
1.4  X 1 021 k g
2.6 X 1 022 kg

4.043 X 1 024 k g
1.835 X 1 024 k g
9.675 X 1 022 k g

0.29215
0.03757
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Table 2(cont ). Geodetic and Geophysical data— — .  — — . .

l~luid COTC: If+ iC/A4f+iCa~
inner core: li~/M@U2
Hydrostatic (Cf - Af)/Cf
Observed (Cf -- Af)/Cf
Hydrostatic (Cic – Ai.)/Cic

Fkce core nutation period 4

Chandler wobble period 5

Surface area 6
land
sea
total

— _ _ _

0.392
2.35 X 1 0-4

1/393.10
1/373.81

1/416

429.8 d
434.3 d

1.48 x 108 krn2
3.62 x 108 k m2

5.IOX 1 08  kmz

‘I’able 2: References: 1 ) Rapp [90]; 2) Geodetic Reference
system [74]; 3) Souchay  and Kinoshita [100] and Kinos}lita
(priv. comm.).  4) Herring CL al. [49]. 5) Clark  and Vicente
[23] also find that the Chandler wobble Q is 179(74, 79o).
6) Stacey  [101]. 7) Williams [1 16]. Moments of inertia of
each internal unit are based  on the PRFJM mcldel and were
provided by E. Ivins.

Table  3a. Moon: Physical Data—.——_— — —  _ _ _

GM n
Mfl)/M  b

Mass
Radius Rv c

Density

Surface gravity
B=(c-A)/Bb
y= B-A/C
Moment of inertia: C/MR2

a
b,d

Heat flow c

Apollo 15
Apollo 17
Crustal  thickness

nearside ~
farside C,9

Mean crustal  density 9
kz
l’idal  Q (see note h)
Induced magnetic moment J
Core radius constraints
Source

4902.798 & 0.005
81.300587 & 0.000049

7.349 X 1022 k g
1737.53+  0.03 km

3.3437
3,0.0016  gm cm- 3

1.62 m S-2
6.31(72+  15) X 1 0-”4

2.278(8+  2) X 1 0- 4

0.3935* 0.0011
0.3940* 0.0019

3.1 +0.6 mW m-2
2.2+ 0.5 mW m-z

58 & 8 km
w 80 – 90 km

2.97:1-0.07 gm cm-:~
0.0302A 0.0012

26.5+ I.()
4.23 x 1022 G cma

Radius (km)

TAR] X 3a. (continued).
— _ _  ._ .__. - ___

Magnetometer mclmcrlt j 435 i: 15
Seisnllc  j <500
1 == 0.3933 -350
LLR “ -400

Semin,  ajor axis

Orbit eccentricity
Inclination
Mean ]notion  71

Orbit  ~,eriod
Nodal ~,eriod
Apsidal  period
Obliquity to orbit
Mean Angular DiaIncter

384400km
60.27R@
0.05490

5.145”
2.6616995

XI O-G rad S–l
27.321582 d

6798.38 d
3231.50 d

6.67°
31’05’!2

——_ —— .—. —— —.- —.—..——_

2’able  31). Seismic velocity profiles—  — .. - .  __  _ . .  _  . _
Depth QP
kln–  ——.–.. -.;:?::__ krn S-l

iNakamura f
o - - 1
1-15
15 – 30
30 – 58
58 – 270
270 – 500
500 – 1000
Gc~ins et a/. k
0 - 2 0
20---60
60
400
480
1100

0.29
?.82
3.59
3.84
4.49+0.03
4.253 0,10
4.65+0.16

2.96
3.90
4.574 0.05
4.374 0.05
4.203  0.10
4.203 0.10

0.51
4.90
6.25
6.68
7.7450,12
7.46+0.25
8.26 sr 0.40

5.10
6.80
7.75+ 0.15
7.65 + 0.15
7.60 + 0.60
7.60 ~ 0.60

--—  —._ .._— _ _______

Ekknic  Q f.—
Depth Qs QP
knl kln  s- 1 km s-~. — .  —_ . ..__ _. _ —  — _ _ _ _

0-60 -6000 w 6000
60-270 4000-+ 4000 -- 7000+
270500 - l!!JOO
500 – 1000 < 100(?)

——- —.—_ —_.—_  _.. _______ I
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Table 3c. Lunar gravity field “Ib Table 3cl. Low order topo=phy  c

.—
n 171 C’nnl x 10Q S,,n, x 1O$J-— n m (“rLn, x 106 Snm x 106

20 -
22
30

31
32

33

40
41
42
43
44
50
60

-203805 i 570
22372 + 110

–8252 3600
[-8610 + 230]

28618+  190
4891 + 100
[4827 + 30]

1727 +35
[1710+  100]

9235 + 72
-4032+14

1691 + 73
944.21
127+8

–2552 d 800
15152+  1500

5871 + 200
1646$90

[1682A  11]
–211~34

[-270 & 30]

97* 15
1478~61
798 + 22

74+6

10 - 367.7544.6
11 -1049.3,1, 30.3 --255.4 & 23.6
20 -303.9 + 49.5
21 -193.43 34.2 30.4 + 24.9
22 7.4 *7.4 107.8+ 9,4

——— ..— — . ..- .— —

Tablc 3c,.lLc! rcmcflector  coordinates b _————.
Station Radius I.ongitude I.atitude

n]cters degrees degrees

Apollo 11 1735474.22 23.472922 0.6’73390
Apollo 14 1736338.34 –17.478790 –3.644200
Apollo 15 1735477.76 3.628351 26.133285
I,unakhod  2 1734638.78 30.921980 25.832195

-—. —. —___ ___
Bracketed [ ] terms are from a 1994 LLIt

.—. — _ —..

solution,

l’able 3: Notes and references: a) Ncw solution for lunar
GM and gravity field (R, = 1738 km) obtained by Konopliv
et al. [61] using lunar orbiter and Apollo spacecraft Doppler
data for which t}le realistic error is estimated to be 10 times
formal u (except for GM which is 40),

b) Lunar laser ranging (I,LR)  solution from Williams d
al. [1 14] and Dickey et al. [32].

c) Hills and Ferrari  [9].
d) Ferrari  et al. [38] and Dickey et ai. [32].
e) Heiken [48].
f) Crustal thickness beneath Apollo 12 and 14 sites from

Nakan, ura [76, 77].
~) Parside  thickrwss  estimated from 2 km center of figure

- centel  of mass offset [9].
h) Breed on 1994 LLR solution [32]. The LLR Q signature

is a 0.26” cos ~ amplitude figure  libration which is 90” out
of phase with the primary term. This effect could just as
easily I,e due to lunar fluid coIc  mantle friction  with core
radius .- 300 – 400 km [38, 119, 32]. . , ,, ,,

j) Russell et al. [92].
k) Goins et al. [44]. Sellers [96] obtains a siesmic’ upper

bound for Rc of 45o kru.
/(

‘ I ’ a b l e  4a. L u n a r  o r b i t :  A  n~e Argumt@Y.. . . _ _  _ _ _ _-—_.. — — — —  _ _ _ — —  _ _ _ _ _

1) = 297 °51’00.735” + 1602961601 .4603 T- 6.93659T2  + 0,006559Y’3 -- 0.00003184T4
.?= 134 °57’48.184” -F 1717915922 .8022 T-I 31 .2344T2 + 0.0516127’3- 0.00024470T4
1’ = 357 °31’44.793” +- 129596581.04741’- 0.55291’2 + 0.000147T3
1’ = 93 °16’19.558” + 1739527263 .0983T - 13.3498T2 – 0.0010577’3  + 0.000004177’4

0 = 125 °02’40.39816”-- 6962890 .2656T -t 6.93661’2 + 0.007702T3  – 0.000059397’4

1> = 218 °18’59.956” + 1732564372 .832(W -- 5.84479T2  + 0.006568Y’3 - 0.0000317T4

— -— —_. _— ____ __________ ____________ ____ ._ t— —-——

Table  4: Major periodic orbit perturbations due to the Factors c~f ?9 have units c,f arc seconds Cy–q,  except for the

Sun are from Chapront-Touze et al. [21] model. Lunar argu- constant term.
.

rnents:  L is the lunar mean longitude, /is the mean anomaly, Chanp,ing the lunal  acceleration from the adopted value
J’ = 1, - Q (ascending node) and I) = 1, - 1,’. Solar an- of –25.9(10’’Cy–2  by + 1.00’’ Cy-2,  changes the T2 coefficient
gles are mean longitude J,’ and mean anomaly /’. The time of I) ancl L by + 0.5504 ”2’’T2, / by + 0.55853”T2  and F by
7’ has units of Julian centuries from J2000(JD2451545  .0). +0.54828’’T2.

I
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Table 4b.  Truncated Lunar Orbit  Mo_~Q1. ___ ___

radius (km) = 385000 --2090.5 cosp - 3699 cos(21) – 1) – 2956 COS2D – 570 COS21
i 246 COS(2D  - 21) – 205 COS(2J)  – 1’) - 171 COS(2D  + ?)

l o n g i t u d e  (“) = 1. -I 22640 sinl +- 4586 sin(2D  - 4) + 2370 sin2?1)  -+ 769 sin 2/
–666sinl’  – 412sin  21’ + 212sjn(2D  - 2P)+  205sin(2D  - / - 1’)
+192sin(2D + 1) -t 165sin(2D  – 1) + 147sin(f  - f?) -- 125sin D

latitude (“) == 18461 sin F + 10 IOsin(F  + ~) -I 1000 sirl(4 - F)+- 624sin(2D  – F)
+200  sin(2D  - l+- F)+ 167sin(2D  – t- F) -t l17sin(4D -i 1)

———— —.

Table  5. l’lanetary Gravity Field. . . . . . . . . .
Mercury Venus Earth

G?vl (krns S- 2)
U~&f
GM~
MO /Mt

C22

22032.09
40.91

6023600
+250
2440

60
+20

10
+5

J3

J4

—
Jupiter

GA4 ( k m3 S - - 2)
(7Gjw
GMt

R, (km)
Jz (xlO-G)

Jti

126,686,537
+100

126,712,767
3.100

1047.3486
+cO.0008

71398
14736

+1
–587

5:5
31

:i 20

324858.63
3:0.04

408523.61
+0.15

6051.893
4.458

+0.026
0.539

+0.008
--o.05i’
*O.O1O

1.928
+0.01s

2.381
*0.021

398600.440

403503.235
328900.56

io.02
6378.137

1082.626523

1.5744
:+-0.0004
--0.9038
:i.o.0004
-2.112

3:0.0020
-2.156

4:0.0030

—— .-z ——. —
Satur)i [Jranus

37,931,187
+100

37,940,551
,E1OO

3497.898
*0.018

60330
16298

*IO
--915

+40
103

*5O

5,793,947
i:23

5,794,560
,1,10

22902.94
3.0.04
26200

3343.43
+.().32

-28.85
3.0.45

_— _ ._. -

—
Mars

42828.3
+0.1

3098708
+9

3394.0
1960.454

+0.18
–54.73

+0.02
31.340
+0.02
31.45

+0.51
--18.89
+0.72

‘Neptune

6,835, 107
+15

6,836,534
+15

19412.240
+0.057
25,225

3411
*1O
–35
3.10

I’able  5: Planetary system GM,, inverse system mass, (GFhI ‘1’2) [71], Mam [5, 37], Jupiter [16], Saturn [17, 79],
planet GM, and selected gravity field coefficients and their IJra,, us [40, 55] and Neptune [1 11].
corresponding reference radius Rc for Mercury [3], Venus G,WO = 1.3271243994 x 10” kn13 S-2.
[73, 60] (the quoted, realistic errors are 4 x formal) , Earth
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Table 6. Terrestrial Planets: Gcx)physic.a]  Data———. .— .

Mean radius RV (km)

Mass (x 1023 kg)
Volume (x 1010 k m3)
Density (g cm-3 )
Flattening ~
Scmimajor axis

Sidcrial  rotation period
Rotation rate w ( X 105s)
Mean solar day (in days)
77tv == w2Rv3/GM
Polar gravity (m s -2 ,
Equatorial gravity (m s-2 ,
Moment of inertia: l/MR~
Core radius (km)
Potential Love no. kz
Grav.  spectral factor: u (x 105)
‘1’opo.  spectral factor: t (x 1 05)
Figure offsct(R~~  -- RCM) (km)
Offset (lat. /long.)

Planetary Solar constant (W m2)
Mean q’emperature  (K)
Atmospheric Pressure (bar)
Maximum angular diameter
Visual magnitude V(I ,0)
Geometric albedo
Obliquity to orbit (deg)
Sidereal orbit period (yr)
Sidereal orbit period (day)
Mean daily motion: n (0 d-l)
Orbit velocity (km s-1 )

Escape velocity Vm (km s- 1 )
Ilill’s  sphere radius (l?P)
Magnetic moment (gauss RP3)_—— ——. .—. ——. —.. —

Mercury

2440 + 1
3.302
6.085
5.427

58.6462d
0.124001
175.9421

10>: 10-7

3.701
0.33

-1600

9936.9

11’!0
--0.42
0.106
-0.1

0.2408445
87<)68435

4.0923771
47.8725

4.435
94.4

\7rmus

6051.8(4+  1)
48.685
92,843

5.204

--243 .0185d
--0.029924

116.7490
61 x 10- 9

8.870
0.33

-3200
F4 0.25

1.5
23

0.19+-01
11”/102”

2613.9
735

90
60’!2

–4.40
0.65

177.3
0.6151826

224.695434
1.6021687

3[).0214

10.361
167.1

_—— —.- ——— — —.-...—.

Iab]c 6: Geodetic data for Mercury [46], Venus [73], Earth
and Mars [10, 37]. Except  for Venus [73], gravity and topo-
graphic ficlcl strength cocflicients  are from [1 I].

Venus topography: The topographic second harmonic
(normalized) cocllcicnts of Venus [73] are:

~jo == -25 X 10-’ ; @l == 14 X 10-’; ~f, = -8 X 10 - 6;
C’;2 = --20 x 10-’; 3:2 = -5 x 10-’6.

Of Mars [] O] arc:
@O == –1824 3-12  X 10-G; ~:1 == 72+ 12 X 10–’; ~;j =

ltarth

6371.0(1 4 2)
59.736

108.321
5.515

1/298.257
6378.136

23.93419hr
7.292115
1.002738

0.0034498
9.832186
9.780327

0.3308
3485

0.299
1.0
32

0.80
46”/35”

1367.6
270
1.0

-3:86
0.367
23.45

0.9999786
365.242190

0.9856474
?9.7859

11.186
234.9

0.61

Mars

3389.9(2*4)
6.4185
16.318

3.933(5 * 4)
1/154.409

33974:4

24.622962hr
7.088218

1.0274907d
0.0045699

3.758
3.690
0.366

-1700
-0.14

14
96

2.50 + 0.07
62°/880

589.0
210

0.0056
1 7/(9//

–1.52
0.150
25.19

1.88071105
686.92971
0.5240711

24,1309

5.027
319.8

< 1 x 10-4-.

103~12x10–6;  ~~2 = --288 t10x10-6;  ~~2 = --0.5 x10-6
‘l’he derivation of Mars’ mean moment of inertia assumes

that l’l,  arsis  is the priniary non-hydrostatic source and that
the hydrostatic

.72h := J2 – (11 - A)/2MRc2 == 0 .001832 .
Except for Earth, the values for mean moment 1, potential

Love number k?, core radius and mass arc model calculations
based on plausible structure [7].



Table 7’. Giant Planets: Physical Data— -  — _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _
Jupiter Saturn ““

Mass (1024 kg)

l~cnsity  (g  cm- 3)

Equatorial radius (Itrar)  a (km)
Polar radius b ( km)
Volumetric mean radius: R v (km)
flattening f = (a – b)/a

Rotation period: T&
Rotation rate Umag  (10 -4 rad S -1 )

/m = u2a3 GM
Hydrostatic flattening jh ~
inferred rotation period 7~ (hr)
k, == 3J2/nl
Morncnt  of  inert ia:  l/MR~ c

l/MR20 (upper bound) ~
Rocky core mass (MC/M) C
Y factor (He/H ratio)

Equator ia l  gravi ty  g, (m s-2)
Polar gravity gp (m S-2)

Geometric albedo
Visual magnitude V(I, O)
Visual magnitude (opposition)
Obliquity to orbit (deg)
Sidereal orbit period (yr)
Sidereal orbit period (day)
Mean daily motion n (0 d -1 ,
Mean orbit velocity (km S--l )

Atmospheric temperature (1 bar) (K)
I1eat fiow/Mass  (x 107erg g- 1s-1)
Planetary solar constant (W m-z)
Msg. dipole moment, (gauss-1tP3)
])ipole  tilt/offset (deg/RP)
kkcape velocity v (km S -1 )

Aw.h.(ice)/Rp

Ilill’s sphere radius h (in RP)

- ..— — —

1898.6

1.326
7149234

66854 + 10
69911 + 6

0.06487
:k-o.00015

9) ’55’n27?3
1.75853

0.089195
0.06509

9.894 + 0.02
0.494
0.254
0.267

0.0261
0.18 * 0.04

23.124c 0.01
27.01 + 0.01

0.5?
–9.40
--2.70

3.1?
11.856523
4330.595

0.0831294
13.0697

165+5
15

50.5
4.2

9.6/0.1
59.5
2.76
740

——-— —-—

568.46

0.6873
602683.4

54364 + 10
58232 ~ 6

0.09796
40.00018

10h39m22?4
1.63785

().15481
0.09829

10.61  + 0.02
0.317
0.210
0.231

0.1027
0.06+06

8.96+0.01
12.14+0.01

0.47
–8.88
+0.67
26.73

29.423519
10746.940
0.0334979

9.6624

1 3 4 * 4
15

15.04
0.21

0.0/0.0
35.5
2.71
1100

—.
LJranus

86.832

1.318
25559 + 4

?4973 & 20
2?5362 + 12

‘0.02293
40.0008

17.243-0.01 h
1,012

0.02954
0.01987

17.14 s0.9
0.357
0.225
0.232

0.0012
0.262? + 0.048

8.69+ 0.01
9.193, 0.02

0.51
--7.19
+5.52
97.86

83.74’7407
30588.740
0.0117690

5.4778

7 6 4 2
0.630.6

3.71
0.23

58.6/0.3
21.3
2.20
2700
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Neptune

102.43

1.638
24766& 15
24342 i 30
24624 A 21

0.0171
+0.0014

16.11 +0.01 h
1.083

0.02609
0.01804

16.7il.4
0.407

0.239

0.235 + 0.040

11.00*0.05
11.41 + 0.03

0.41
--6.87
+7.84
29.56

163,72321
59799.900
0.0060200

4.7490

72+2
2

1.47
0.133

47/0.55
23.5
2.98
4700

Iable 7: Geodetic and temperature chtta (1 bar pressure 1 llbar  tharl  at the 1 bar level. The heat flow and Y factor
visuallevel) for the giant planets obtained from Voyager radio OC-are from Podolak  ct rd. [89]. Geometric albedos  and

crrltation  cxpcrimcnts for Jupiter [66], Saturn [67], Uranus raagnitude+  are from Scidelnlar(n[95].
[68] and Neptune [1 11, 69]. I’hc  magnetic field rotation pe- B) The hydrostatic flattening is derived from (28),
riods  (system 111) and dipole moment for Jupiter, Saturn the obserwd J2 and the lt, a.gnetic field rotation rate. Th~

using

[25], Uranus and Ncpt,une  [78]. inferred rn(an  rotation rate uses .72 and the observed flat-
Notcs: tcning  (for Uranus, I adopt ~ = 0.0019(7 ~ ]) ).
A) The Uranian  flattening dcternlined from stellar oc- C) Upper  bounds to the mean moment of ]nertia using

cultations [6] is significantly smaller j =: 0.0019(7 + 1) at (30) with t, == O. D) Hubbard and Marley  [52] solution.



14 ASTROMETRIC AND

— .—
Planet

GEODETIC DATA

‘1’able 8. Planetary Mean Orb i t s———— —. . — — .  . — - —  — -—— -.—-——— —.—
A e 1 Q G

AU
A U  Cy - 1 Cy- 1

. ._ _  ——————

Mercury

mean
Or.?lii

Venus

Earth

Mats

Jupiter

Saturn

Uranus

Neptune

Pluto

0.38709893
0.00000066
0.38709880

0.72333199
0.00000092
0.72333201

1.00000011
-0.00000005

1.00000083

1.52366231
–0.00007221

1.52368946

5.20336:301
0.00060’737
5.20275842

9.53707032
–0.00301530

9.54282442

19.19126393
0.00152025

19.19205970

30.06896348
–0.00125196
30.06893043

39.48168677

0.20563069
0.00002527
0.20563175
0.00002041
0.00677323

–0.00004938
0.006771’77

--0.00004777
0.01671022

–0.00003804
0.016708617

-0.00004204
0.09341233
0.00011902
0.09340062
0.00009048
0.04839266

--0.00012880
0.04849485
000016322
0.05415060

--0.00036762
0.05550862

–0.00034664
0.04716771

-0.00019150
0.04629590

--0.00002729
0.00858587
0.00002514
0.00898809
0.00000603
0.24880766

–0.00076912 0.00006465

L
deg; dcg deg deg

ll~y- 1 I/cy-  1 “gy:: _ “C’y- ‘

7.00487
-23.51

7.00499
-21.43

3.39471
-2.86

3.39447
--3.08

0.00005
–46.94

0.0
-46.60
1.85061
-25.47
1.84973
-29.33
1.30530

–4.15
1.30327

-7.16
2.48446

6.11
2.48888

9.18
0.76986

6.11
0.77320

–6.07
1.76917

-3.64
1.76995

8.19
17.14175

11.0’1’

48.33167
–446.30

48.33089
–451.52
76.68069
–996.89

76.67992
–1000.85

–11.26064
-18228.25

0.0
–867.93

49.57854
–1020.19
49.55809
–1062.90
100.55615

1217.17
100.46444

636.20
113.71504
–1591.05
113.66552

–924.02
74.22988
–1591.05
74.00595

266.91
131.72169

–151.25
131.78406

-22.19
110.30347

--37.33

77.45645
573.57

77.45612
571.91

131.53298
-108.80

131.56371
17.55

102.94719
1198.28

102.93735
1161.12

336.04084
1560.78

336.60234
1598.05

14.75385
839.93

14.33131
777.88

92.43194
–1948.89
93.05678

2039.55
170.96424
–1948.89
173.00516

321.56
44.97135
-844.43

48.12369
105.07

224.06676
---132.25

252.25084
538101628.29

252.25091
538101628.89

181.97973
210664136.06

181.97980
21066136.43

100.46435
129597740.63

100.46645
129597742.28

355.45332
68905103.78

355.43327
68905077.49

34.40438
10925078.35

34.35148
10925660.38

49.94432
4401052.95

50.07747
4399609.86

313.23218
1513052.95
314.05501

1542481.19
304.88003
786449.21
304.34867
786550.32
238.92881
522747.90

-—————  -———.—..—-— —————--—.—. — . ..— —.

lable8: “J’hist ablecontains twodistirrct mean orbit so-
lutionsrcferenccd  to the J2000 epoch. First, a250 yr. least
squares fit (first two rows for each planet) of the DE 200
planetary ephemeris [1 03] to a Kcplerian  orbit where each el-
cmentis  allowed tovarylinearly  with time. This solrrtion fits
the terrestrial planet orbits to -25” or better, but achieves
only AJ600”  for Saturn. l’he second solution (the third and
fourth rows for each planet) is a mean element solution (from

table 15.6in  [95]), except that the semimajor axis is the av-
e]age  value deflncd  by cq(37).  The fit for this case over the
same 250 yr. is worse (M. Standish, priv. comm.  ) for the
giant planets because of pairwise near commensurabilities in
tllen~ean  motionso  fJupiter-Saturn(Sl = (2 L-5 L6)with
f383yr. period) and  Uranus-Neptune(Sz  =(LT-2~,a) with
4233 yr. period). However, the mean orbit should be more
stable over ]ongc) periods.
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Table 9. North Pole  of Rotation ( cro, 60 and Prime Meridian) of Planets and Sun——___ — _ — — .  .  ——-— —.— .-. ——
reference featurecr(J

deg—. —-—

sun
Mercury
Venus A

Earth
Mars
Jupiter
Saturn ~
Uranus c

Neptune D

286.13
281.01 – 0.003T
272.76
0.00 – 0.6411’
317.681 – 0.108~
268.05- 0.009~
40.5954 – o.05’i’7T
257.43
299.36+  0.70sin  N

Pluto 313.02

60 W (prime meridiari)

deg deg——.—.————-———— —

63.87
61.45 – 0.005T
67.16
90.00 -- 0.557T
52.886 – 0.061T
64.49 + 0.003!l’
83.5380 – 0.0066T
--15.10
43.46 – 0.51 COSN

9.09

84.10 -t 14.1844000d
329,71 -t- 6.1385025d
160.20 -- 1.481545d
190.16 -E 306.9856235d
176.868 + 350.8919830d
284.95 k 870.53600000d
38.90 -I 810.7939024d
203.81-501 .1600928d
253.18 + 536.3128492 d-
0.48sin  N
236.77 – 56.3623195d

Hun Kai(20.00°  W)
Ariadne(central  peak)
Grecnwich,England
crater Airy-O
magnetic field
magnetic field
magnetic field

sub-Charon  E

— ——. ———.—— .. ——— — .- ——-—.

T’able 9: Reference date is 2000 Jan 1.5 (JI) 2451545.0).
The time interval T (in Julian centuries) and d (days) from
the standard epoch. ‘I’he prinie  meridiau  W is measured
from the ascending node of the planet equator on the J2000
earth equator to a reference point on the surface. Venus,
Uranus and Pluto rotate in a retrograde sense.

A) The Magellan  values [28] for CM, 6C and W for Venus
are:
cro == 272?76 + 0.02; 60 == 67?16 + 0 .01 ;
W = 160!20  - 19?4813688d.

B) Saturn’s pole is based on French et al. [42] which
include  the 1989 occultation of 28 Sgt. They claim detection
of Saturn’s pcJe precession rate.

C) Improved Uranian pole (R1950 epoch) position is [40]:
0’0 = 256?5969 + 0.0034,
60 = –15?1117  +0.0033 .

D) Neptune angle N = 359!’28 -I 549!308T.
E) The sub-Charon meridiali  on Pluto is fixed since Pluto

rotates synchronously with Charon’s orllit.
Invariable plane: The invariable plane coordinates are

(J2000)  [85]:
clo == 273?8657; 6 0  == 66!9723.

This table is an updated version of the 1991 IAU [29]
recommended values and also appears in [95].
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‘1’able 10. Pluto Charon System————. -..—— . .. —-— —. Tablefll  .Sat~lli  te T i d a l  A c c e l e r a t i o n—---

GM.Y. ]
MSys
Mass ratio (A4(; /A4p) 1

2

Mass of I’luto 1
2

Mass of Charon ]
2

%r[li-major  axis a 1
a2

Eccentricity 3 c

inclination to mean

equator & equinox 1

Radius RP ],3
4

Radius Rc;

l)cnsity  of I’luto

(R== 1137*8 km)’

947i  13 k m3 S - 2

1.42+  0.02 X 1022 kg
0.12
0.1543 * 0.0028
1.27+ 0.02 X 1022 k g
1.2313, 0.01 X 1022 kg
1.5x 10 2] kg
1.90+  0.04 X 1021 kg
19405 :E 86 km
194813 49 krn
0.000(20 * 21)
96.564  0.26°

l137+8km
1206+  11 km
586 + 13 km

2.06 g Cm-3

Sat ellite.-—
Moon ‘-” - “ “-

Orbit
(Optical 1
ast~ onomy)
(LLR)2

dn/dt XOtes

--26.0 + 2.0 “Cy-2 tot al

--22.24 + 0.6 “Cy-2
--4.04+  0.4 “cy-z

+0.40 “cy-z
--25.88 + 0.5 “Cy-2

1/2 d & ].p.
ld
lunar tide
total

Tidal gravity field
(SIR)  3 - 22.1O*  0.4 “cy-p

–3,95 ~fcy-2

+-0.18 “CY-2
–25.8 Y 0.4’’Cy - 2

l/2d
I d
l.p.
total

Ocean tide heig],t
(GEOSAT)  4 - 25.0+ 1.8 “Cy-2 total

I’hobos  5 24.74+ 0.350 Cy-2 1/2 d
(h? 2 1206+11 km) ‘
(R= l137+8krrl)  2

(It= 1206+ 11 km) 2

1.73 g cnl-3
2.00 g /cm -3

1.67 g cm-3
106 –29+ 14 “ Cy-2 1/2 d

—

l)cnsity  of Charon 1
Density of Charon 2

1.8 g  c m- 3

2.24 g cm-3

Orbital }’eriod
Pluto’s Albcdo  (blue & var.)
Charon’s albcdo

6.3872(30+  21) d
0.43--0.60
0.375+ 0.08

T’al,lc 11: 1) hforrison  and Ward [75].
2) l,unar laser ranging (LLR)  result [1 15] [32]. Separation

of diurnal and scnlidiurna]  bands is obtained from ]8.6 yr
modulation [1 13];

3) ILesrrlt from satellite laser ranging to I, AGF;OS, STAR-
I,ET’1  E, etc [22] inferred from the observed tidal gravity
field.

4) .,lltimeter result [22] [19] of the ocean tide, with es.
timat<d  7% uncertainty. Both the SLR and Geosat  re-
sults }ave been augmented by a factor of (1 + A4/&f6)(l  +
2(n@/rr)2)  due to a difficicnt  dynamical model which ignored
a barycentric correction [1 ] 3] and the solar contribution to
mean motion (see cq(36)).  The inferred solid body Q for
earth is -- 340(100 (rein), co(max)),

5) Sinclair’s solutio],  [97] is typical of several indepen-
dent analyses of both ground-based and spacecraft data,
‘I’he tidal acceleration due to solid tides is dn/dt = k2/Q x
(15260 + 150) °Cy-2 [120], from which we can deduce Mars’ “
Q = ~fi ~. 2 for ~2 == 0.14.  If Mars’ lo is larger, Q is also
larger.

6) 1(,’s acceleration is from analysis of 3 Cy of Galilean
satellite observations [65] and the above LI,R value for earth
moon’s rin/dt. An equivalent form is:
dnI. /di = nIo x (–1.09 + 0.50) x 1 0-l ]yr-l.
I.icskc [65] also finds
d/rit(nl. - 71 Europ. ) = nIo x (+0.08  Y 0.42) x 10--l  lyr-l.

Surface gravity
Pluto (R=] 137 km) 1
Charon  1

IIill’s Sphere (Charon)  1
Ikcapc velocity (Charon)  1
l’lanctary or-bit period
}’lanctary orbit velocity

65.5 cm s--2

21.3 ems-2
5800 km
0.58 km S-l
248.0208 yr
4.749 km s-l

l’able 10: 1 ) l’hc  discovery of a coordinate distortion in
the }1S”1’  camera rcduccs  the mass ratio g from 0.08734
0.0147 [83] to 0.12 [Null, priv.  comm. ], which is still low
relative to g from low ground-based imaging [122], Solution
for scmimajor axis and g determined from HSq’  observations
of the baryccntric wobble of Pluto relative tc, a background
star ot,servcd  for 3.2 d [83].

2) Solution based on 6 nights of CCD imaging at Mauna
Kea n.

3) ‘l’he radii and period derive from mutual event data
[15].

4 ) ‘l’lie presence of an atmosphere on Pluto introduces
uncertainty into its radius. Models indicate that RP is either
1206 ~. 6 km (thermal gradient model) or < 1187 km (haze
model) [34]. 5) young  and Binze] [1 23].
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Table 12. Planet arv Satellites: }’hvsical  Prormrt ics
– Satellite

———— —. - -
Radius Mass

—-
Density Geom. v(l,o)

(km).. —.. —.. —.— — .. —. —_-— _ .. ___ ___ 1 020 k g gn) cm: 3

—.— .— — albcdo  ‘

Earth
Moon

Mars
M l  Phobos  1’2
M2 Dcimos  2

Jupiter
JXV1 Metis
JXV Adrastea
J\r A]rnethca

JXIV l’hebe
J] 103
JII  Europa
JII1 Ganymede
JIV Callisto
JX1lI  Leda
JVI Himalia
JX I,ysithca
JXW Elara
JXJ1 Ananke
JXI Carme
JVIII  Pasiphac
JIX Sinope

Saturn
XVIII Pan
SXV Atlas
XVI Prometheus 4

SXVII Pandora
SX Janus 5

SX1 Epimetheus
S1 Mimas 6
S11 Enccladus  7

SII1 Tct}lys 8
SXIV Calypso(T–)
SXIII Telesto(T+)
SIV Dionc  8

SXI1 Helene(T+-)

Sat urn
SV Rhea
SV1 Titan
SVII  Ilyperion  9

SVIII lapetus
SIX Phoebe

6378
1737.53* 0.03

3394
13.1 x 11.1 x 9.3(+0.1)
(7.8 X 6.0X 5.1)(+0.2)

71492
20 i 10
104-10

(131 X73X 67)(+3)
50+10

1821 .3+0.2
1565+8

2634 zt 10
2403 & 5

5
85+ 10

12
4O*1O

10
15
18
14

60268

(18.5 X l?.j~ 13.5)(+4)
74 x 50 x 34(+3)

(55 X44X 31)(+2)
(99.3 X 95.6X 75.6)(+3)

(69 X55X 55)(+3)
198.8 + 0.6
249.1 + 0.3
529.9 + 1.5

15 X 8 X 8(5-4)
15(2.5) X 12.5(5) X 7.5(2.5)

560 * 5
16+5

60268
764* 4

2575 + 2
(185 X 140X 113)(+10)

718+ 8
(115 x lIOX  IO5)(*1O)

59742
734.9

641.9
1.08(+0.01)  X 10 -4

1.80(+0.15)  x 10-5

1.8988 X 107

8933* 1.5
4797+  1.5

1482+  1
1076+1

5.6850E6

o.ool(4  (~:))
0.001(3(:;))

0.0198+  0.0012
0.0055 * 0.0003

0.37530.009
0.73 + 0.36
6.22:E 0.13

10.52,I: 033

5.6850E6
23.1 ,E 0.6

5.515
3.34

3.933
1.90+  0.08
1.76+  0.30

1.326

3.5304.0.006
2.99 d, 0.05
1.94 d: 0.02

1,851 * 0.004

0.687

0.27 + 0.16
0.4?3.  0.28
0.65 + 0.08
0.63+0.11
1.14 + 0.02
1.124 0.55
1.004 0.02

1.44 + 0.06

0.687
1.24,1-0.04

1345,5,E  0.2 1.8814 0.005

0.367 -3.86
0.12 +0.21

0.150 –1.52
0.06 +11.8
0.07 +12.89

0.52 –9.40
0.05 +10.8
0.05 + 12.4
0.05 +7.4
0.05 +9.0
0.61
0.64
0.42
0.20

+-13.5
+8.14
+11.7

+10.07
+12.2
+11.3

+ 10.33
+11.6

0.47 –8.88
0.5
0.9 +8.4
0.6 +6.4
0.9 +6.4
0.8 +4.4
0.8 +5.4
0.5 +3.3
1.0 +-2.1
0.9 +0.6
0.6 +-9.1
0.5 +8.9
0.7 +-0.8
0.7 +8.4

0.47 --8.88
0.7 -tO.l

0.21 -1.28
0.19–0.25 +4.6

15.9,1, 1.5 1.02+ 0.10 0.05 --0.5 +1.5
0 . 0 6  + 6 . 8 9
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Table 12(cont).  Planetary Satellites: Physical Properties—-. ———.  .. —.. .— -— —-—
Satellite Radius Mass

(km) 1 020 k g—.—— ——. —..—— ..—— — .——.—— .. ————. .—--— —-- —
Uranus 10
VI Cordclia
VII Ophelia
VII] ljian~a

IX Cressida
X Desdemona
Xl Juliet
XII Portia
XIII Rosalind
XIV 13elinda
XV Puck
U\T Miranda

UI Aricl

25559 8.6625E5
133:2
163.2
2 2 3 3
3334
293-3
42 d: 5
55+ 6
29 d, 4
34*4
77%3

240(0.6) X 234.2(0.9) X 232.9(1.2) 0.659 + 0.075
581.1(0.9) X 577.9(0.6) X 577.7(1.0) 13.53+1.20.

U]] Umbricl 584.7 + 2.8
U1ll Titania 788.9*  1.8
UIV Oberon 761.4 + 2.6

N e p t u n e 24764
NIII iSaiad 29
NIV Thalassa 40
NV Dcspina 74+10
NW Galatea 79+12
NVII l,arissa 104 X 89(+7)
ISVI1l Proteus 218 X 208 X 201
iXI ‘J’riton 1352.6 +2.4
iNIl Nereid 170+ 2.5— ———.—-

lablc 12: Satellite radii are primarily f,om Davies et al.
[29]. For synchronously locked rotation, the satellite figure’s
long axis points toward the planet while the short axis is nor-
mal to the orbit. Geometric and visual  magnitude V{], 0)
(equivalent magnitude at 1 A(J and zero phase angle) are
from [95]; Vo(],  O) = –26.8. Satellite masses are from a
variety of sources: Galilcan  satellites [16]; Saturnian large
satellites [)7]; Uranian large satellites [55]; Triton:  mass
[111] and radius [27].

Notes:
1 ) Duxbury  [33, 8] has obtained an n := j =. 8 harmonic

expansion of Phobos’  topography and obtains a mean radius
of 11.0410.16 and mean volume of 56804- 250kn~3 based on
a model derived from over 300 normal points. The  Phobos
mission resulted in a much imprc,ved mass for Phobos  [4].

2) q’}lomas (priv.  comm. ).
3) Gaskell  d al. [43] find frcnn analysis of 328 surface

normal points that the figure axes are (1830.0 kmx1818.7
kmx1815.3  kn~)(+O.2 km). The observed (b – c)/(a - c) =
0.234 0.02, close to the hydrostatic value of 1 /4, while .fl =
0.00803+0.00011  is consistent with I/hf R2 = 0.382+:0.003.

4). The masses of Prometheus and Pandora [91] should
be viewed with caution since they are estimated from ampli-

11.72  ~1.35
35.27 * 0.90
30.14+0.75

1.0278E6

214.7+ 0.7

IIcnsity
gm  c m- 3

.-

1.318

1.20+0.14
1.67+0.15
1.40+ 0.16
1.71 & 0.05
1.63 i 0.05

1.638

2.054 + 0.032

Geom.
albedo—

0.51
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.27
0.34
0.18
0.27
0.24

0.41
0.06
0.06
0.06
0.06
0.06
0.06

0.7
0.2

——
V(I ,0)

–7.19
+11.4
+11.1
+ 10.3

+9.5
+9.8
+8.8
+8.3
4-9.8
+9.4
+7.5
+3.6

+1.45
+2.10
+1.02
+-1.23

–6.87
410.0
+9.1
+7.9

+7.6
+7.3
+5.6

–1.24
+4.0

___ — ———.—
tudcs of I,indblacl resonances they excite in Saturn’s rings.

~) Janus’ radii are  from [121]. Thornas [107] indepen.
dently  finds radii 97 x 95 x 77(+4) for Janus. The coorbital
satellite masses include new IR observations [81] and are
firn). Rosen et al. [91] find 1.31(~~g)  x 1018 kg for Janus
and 0,33(~~~~) x 101s kg for Epimethcus from density wave
mod els.

6) Dermott and Thomas find that the observed (b– c)/(u –
c) z 0.27+ 0.04 for Mimas  [30] and (b – c)/(a – c) = 0.244:
0.1:, for Tethys  [108], and deduce that Mimas I/MR2 =
0.3[, + 0.01, based on a second order hydrostatic model.

i ) Dermott and llom~s (priv.  comm.  ) estimate Ence-
lad us’ mass= 0.664 0.01x 1023 gm and density= 1.01+0.02
gm cm - 3 from its shape.

h) Harper and “1’aylor [47].
$)) Klavetter [59] has verified that Hyperion rotates chaoti-

cally  from analysis of 10 weeks of photometer data. Further-
more, he finds that the moment ratios are A/C = 0.54+0.05
and B/G’ =, 0.864 0.16 from a fit of the light curve to a dy-
namic model of the tumbling.

10) The radii of the small Uranian satellites are from
Tltomas,  Weitz and Veverka  [106]. Masses of major satellites
ar( from Jacobson et al. [55].
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Table 13. Planetary Satellites: Orbital Data_—— — .—. —.. ———.

Satellite

1
11
XVI
x v
v
XIV
J
11
111
IV
XIII
v]
x
VII
XII
XI
VIII
1X
XVIII
x v
XVI

XVII
x l
x
1
11
111
XIV
XIII
IV
XII
v
V]
VII
VIII

I x

v]
v]]
VIII
l x
x
XI
XII

Melon
Phobos
l)cimos
Metis  1
Adrasiea  ]

AImathea  1
?’hebe
10
Europa
Ganymede
~ZLlliStO

Lcda
Himalia
l.ysithea
Elara
Ananka
Carme
Pasiph ae
Sinople
Pan
Atlas 2

l’rometheus  2

F’andora2
Epimetheus
Janus
Mimas
Fnceladus
‘Tkthys
Calypso(q’–)
Te]esto(l’+)
IJione
Helene(l+)
Rhea
q’itan
IIyperion
Iapetus
Phoebe

Cordelia
Ophelia
Bianca
Cressida
Desdemcma
Juliet
Portia

a Orljital Rot
period period

(10 3 km) days days——— .—. . -.

384.40
9.3772

23.4632
127.96
128.98

181.3
221.90

421.6
670.9
1,070
1,883

11,094
11,480
11,720
11,737
21,200
22,600
23,500
23,700

133.583
137.64
139.35
141.70

151.422
151.472

185.52
238.02
294.66
294.66
294.66
377.40
377.40
527.04

1221.85
1481.1
3561.3
12952

49.752
53.764
59.165
61.777
62.659
64.358
66.097

27.321661
0.318910
1.262441
0.294780

0.29826
0.498179

0.6745
1.769138
3.551810
7.154553

16.689018
238.72

250.5662
259.22

259.6528
631R
692R
735R
758R

0.5750
0.6019

0.612986
0.628804
0.694590
0.694590

0.9424218
1.370218
1.887802
1.887802
1.887802
2.736915
2.736915
4.517500

15.945421
21.?76609
79.330183

550.48R

0.335033
0.376409
0.434577
0.463570
0.473651
0.493066
0.513196

s
s
s
s
s
s

s
s
s
s

0.4

0.5

s
s
s
s
s

s

s

C
s

0.4
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e I

deg

0.054900
0.0151

0.00033
<0.004

No
0.003
0.015
0.041

0.0101
0.0015

0.007
0.148
0.163
0.107
0.207
0.169
0.207
0.378
0.275

-’0
0.0024
0.0042

0.009
0.007

0.0202
0.0045
0.0000

-0
=0

0.0022
0.005
0.001

0.0292
0.1042
0.0283

0.163

5.15
1.082
1.791

- o
-0
0.40

0.8
0.040
0.470
0.195
0.281

*27
‘175.3

*29
*28

“147
*163
“148
*153

-0
0.0
0.0

0.34
0.14
1.53
0.02
1.09
-0
-0
0.02

0.2
0.35

.

0.000
0.010
0.001
0.000
0.000
0.001
0.000

0.33
0.43
7.52
75.3

0.1
0.1
0,2
0.0
0.2
0.1
0.1
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Table 13 (cent). Planetary Satellites: Orbital Data—.. — — .————

Planet Satellite

N e p t u n e  2

P l u t o

X111
X117
xv
v
I
11
111
Iv

111
I v
v
V]

VII
VIJI

1
11
1

Rosalind
Hclinda
Puck
Miranda
Aricl
Urnbriel
litania
Oberon
Naiad
Thalassa
Despina
Galatea
Larissa
Proteus
Triton
Neried
Charon

a

103km——— —__

69.927
75.255
86.004

129.8
191.2
266.0
435.8
582.6

48.227
50.075
52.526
61.953
73.548

117.647

Orbital R o t
period peric,d

days days-—. — —.—- —!— —

0.558459
0.623525
0.761832

1.413 s
2.520 s
4.144 s
8.706 s

13.463 s
0.294396
0.:{11485
0.334655
0.428745
0.554654
1.122315

e 1
deg

0.000 0.3
0.000 0.0
0.000 0.3

0.0027 4.22
0.0034 0.31
0.0050 0.36
().0022 0.10
0.0008 0.10
0.000 4.74
0.000 0.21
0.000 0.07
0.000 0.05
0.000 0.20
0.000 0.55

354,76 5.876854R s 156.834
5513.4 36013619 0.7512 “7.23
19.405 6.38723 0 0

.—. —. —___ _—.. .._— _..

Table 13: Abbreviations: R~retrc,grade orbit; 1’=: l’rojan- tary c,blateness;  S= synchronous rotation; C==chaotic  rota-
like satellite which leads(+) or trails(–) by w60” in longi- tion; References: l’rom [95], with additional data for Sat-
tude the primary satellite with same semimajor axis; (*) The urn’s F ring satellites [1 04], Jupiter’s small satellites [105],
local invariable reference plane (see equation 68) of these the U~anian [84] ar, d Neptune [86, 53] systems.
distant satellites is controlled by Sun rather than plane-

T a b l e  14. P l a n e t a r y  ltings— . .  — _ _ _  _ _ _
Feature

_ — —  _ _ _ _ _
Distan=

— .
r/R. Optical Albedo “ ’–  a e

krn deptl, g cm-z

Jupiter 71492 1.000
Halo >100000 1.25 – 1.71 3 x lo-f’
I14ain > 122000 1.71 – 1.81 5x lo-f [0.015] >5 x 10-’
G ossarncr > 129000 1.8--3 IX lo--’

S a t u r n
1) ring
C inner edge
Titan ringlet
Maxwell ringlet
B inner edge
B outer edge c

Cassini  division
A inner edge
Enckc gap b

A outer edge d

F-ring center

60268
>66900

74658
77871
87491
cJ~975

117507

122340
133589
136775
140374

1.000
>1.11

1.239 0.05– 0.35 0.12– 0.30 0.4 -+ 5
1.292 )7 0.00026
1.452 17 0.00034
1.526 0.4 --2.5 0.4- 0.6 20– 100
1.950

0.05-0.15 0 . 2 - 0 . 4 5 – 2 0
2.030 0.4 --1.0 0.4 --) 0.6 3 0 - 4 0
2.216
2.269
2.329 0.1 0.6 0.0026
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TABLE 14. (continued>... —-- ——— ——. . ____
‘“Feature Distance b

——A .— —-- L ~ . . . . . _
r/Re Optical Albedc)

k m— — . . — _  _ —.—

G-ring center 170000
J inner edge -180000
l; outer  edge ~ 480000

Urauus  ‘
6
5
4

25559
41837
4223j
42571
44718
45661
47176
47626
48303
50024
51149

Neptune 247’66
Galle *41900
Lcverrier 53200
1989N4R - 5 3 2 0 0
Adams(arcs) 62932

——

depth—————-=. _

2.82
3
8

1.000
1.637
1.652
1.666
1.750
1.786
1.834
1.863
1.900
1.957
2.006

1.000
1.692
2.148
2.148
2.477

1 x 10-6
),5 x lo-~

? 0.3
-0.5
-0.3
-0.4
- 0 . 3
< ().4
>1.5
-0.5
- 0 . 1

0.5–~  2.3

~ 1 x 10-4
0.01

-’1  x 10-4
0.01 – 0.1

Albedo
X1O–3

[15]
[15]
[15]
[15]

. ..—. —

u e
g c m- 2

W i d t h
km

~1.5
-2

-2.5
4 4 1 0
!j -+11

1.6
1+4
3 – , 7

-2
20 –. 96

-1700
-100

-4000
~15

e

0.0010
0.0019
0.0010
0.0008
0.0004

0.0001

0.0079

‘1’able 14: Scc Nicholson and Doncs  [80] and for a review of Saturn’s ring features.
ring properties. Bracketed [ ] albedos  are adopted. Horn et b) Encke gap width=:322 km.
al. [54] find from density wave analysis that the A ring mean c) Shar}) B ring edge cc)lltrolled by 2:1 Lindblad  resonance
surface dcsity  is a = 45 d 11 gm cm--2 for a = 2.0 — 2.21R, with Janus.
and a = 29+ 7gn~ cnl-2 for a = 2.22 – 2.27R, with mass(A- d) Shal p A ring, edge due tc, 7:6 Janus’ resonance.
ring)= 5.2 x 1021gnl. e) lien t:h et al. [4 I].

a) See Esposito et al. [36] for a more complete list of

Table 15. Prominent Minor Planets or A steroid&__,  _ ._.. _-———
No. ‘-”” Narnc l)ia. ~%ax a & I 0 U M Period rotation

-. km AU deg deg dcg deg year hrs——

1 Ckrcs
2  Pallas
4  Ves t a

1 0  Hygica
511 l)avida
7 0 4  Interamnia

5 2  J}uropa
1 5  l;unomia
87 Sylvia
3 Juno

16 Psyche
3 1  Euphrosync

9 3 3  G ?
525
510 v
429 C
337 c
333 1’
312 C
272 S
271 PC
267 S
264 M
248 C

2.769
2.770
2.361
3.138
3.174
3.064
3.101
2.644
3.490
2.668
‘2.923
3.146

0.0780
0.2347
0.0906
0.1201
0.1784
0.1475
0.1002
0.1849
00820
0.0258
0.1335
0.2290

10.61
34.81

7.14
3.84

15.94
17.30

7.44
11.76
10.87
13.00
3.09

‘26.34

80.0
172.6
103,4
?83.0
107.3
?80.4
128.6
?92.9

73.1
169.9
149.9
30.7

71.2
309.8
150.1
316.1
339.0

92.2
337.0

97.5
273.3
246.7
227.5

63.1

287.3
273.8

43.3
33.0

244.5
276.8

92.6
327.9
248.8
115.4
318.7
341.0

4.607
4.611
3.629
5.656
5.656
5.364
5.460
4.299
6.519
4.359
4,999
5.581

9.075
7.811
5.342

27.659
5.130
8.727
5.631
6.083
5.183
7.210
4.196
5.531
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Table 15. (cent) Prominent Minor Plarmts or Asteroids
No. N atne llia~-~x’–———---  _ _ _a e I fl ; M - Period Rotation

65
107
624

88
451
324

48
532

29
423
121
375

13
45
94

7
702

19
24

2060
130
22

747
)53
334

51
617
420

69
8

216
279
419
221
233
181
114
773

25
44
64

170
446

1036
158
243

Cybclc
Camilla
Hektor
?’hisbe
Paticntia
Ilamberga
Doris
Herculina
Amphitrite
Diotirna
Hermionc
Ursula
Egcria
Ehrgen ia
Aurora
Iris
Alauda
E’ortuna
Thcmis
Chiron
F;lektra
Kalliopc
Winchester
Hilda
Chicago
Nemausa
Patroclus
13ertholda
Hesperia
Flora
Klcopatra
Thu]e
Aurelia
E;os
Asterope
Eucharis
Kassandra
Jrmintraud
Phocaea
N ysa
Angclina
Maria
Aeternitas
Ganymcd
Koronis
Ida

km

240 C
237 C
233 D
232 C
230 C
228 C
225 C
225 S
219 S
217 C
217 C
216 C
215 G
214 C
212 c
203 S
202 c
200 c
200 c

189 G
187 M
178 C
175 c
170 c
153 G
149 P
146 P
143 M
141 s
140 M
135 D
133 F
110 K
108 T
107 K
103 T
99 D
78 S
73 E
59 F;
46 S
43 A
41 s
39 s
32 S

AU deg deg deg deg year hrs————-.—.-—. ——— ..-. ———— ——— —.—

3.437
3.484
5.181
2.767
3.062
2.681
3.110
2.771
2.555
3.067
3.438
3.126
2.576
2.722
3.164
2.386
3.195
2.442
3.126

13.716
3.113
2.912
2.995
3.975
3.875
2.366
5.230
3.416
2.979
2.201
2.795
4.271
2.595
3.012
2.661
3.137
2.675
2.858
2.400
2.424
2.682
2.552
2.787
2.665
2.870
2.863

0.1044
0.0842
0.0246
0.1638
0.0709
0.3409
0.0693
0.1764
0.0717
0.0365
0.1428
0.1037
0.0863
0.0821
0.0814
0.2?96
0.0286
0.1580
0.1351
0.3816
0.2182
0.0978
0.3433
0.1418
0.0407
0.0656
0.1396
0.0475
0.1673
0.1564
0.2495
0.0119
0.2562
0.0973
0.0996
0.2032
0.1398
0.0805
0.2557
0.1497
0.1251
0.0648
0.1267
0.5366
0.0521
0.0421

3.5:)
9.93

18.23
5.22

15.24
11.11
6.51

16.36
6.10

11.25
7.56

1593

16.52
6.60
8.01
5.51

20.57
1.57
0.”(6
6,~!3

22.88
13.;0
18.18
7.84
4.66
9$)6

22.04
6.70
8.55
5.89

13.11
2.34
3.95

10.87
7.68

18.69
4.95

16.68
21.58
371
1.31

1443
1062
2645

1.00
114

155.4
173.5
342.1
276.3

89.0
327.8
183.4
107.4
355.9

69.2
74.1

336.1
42,8

147.4
2.5

259.3
289.6
210.9

35.6
208.6
145.3
65.8

129.6
227.8
130.1
175.6
43.8

243.9
185.2
110.5
215.2

73.2
229.3
141.6
221.8
143.5
163.8
322.1
213.7
131.0
309.0
300.9

41.8
215.6
278.1
323.9

109.8
296.0
178.0
35.3

343.2
43.4

262.8
75.1
62.8

215.6
287.5
347.9

81.1
86.0
51.8

144.8
3.6

182.0
110.5
339.0
234.7
355.6
276.1

42.6
136.5

2.4
306.8
206:3
285.8
284.8
179.4

76,7
43,1

191.9
125.3
313.2
352.0
331.6

90.5
342.0
179.7
157.4
279.6
1317
142.5
110.6

20.1
139.7

2.9
259.0
269.4
189.6
278.8
199.4
197.9
223.9

4.3
163.0
132.8
188.9
223.8
132.3
335.5
287.9
229.9
315.0
177.2
212.6
354.5
269.5
300.6

50.8
32.1

158.8
34.6

176.3
312.4

17.8
147.7
20.9
72.1
98.8

151.4
21.3

189.5
142.7
133.8
242.3
167.7
343.7
187.0
203.5

6.372
6.503

11.794
4.603
5.358
4.390
5.485
4.613
4.084
5.371
6.376
5.528
4.136
4.490
5.628
3.685
5.710
3.817
5.528

50.801
5.492
4.969
5.183
7.925
7.627
3.640

11.961
6.314
5.142
3.266
4.674
8.825
4.179
5.229
4.342
5.555
4.376
4.831
3.719
3.773
4.393
4.078
4.652
4.350
4.861
4.843

4.041
4.840
6.921
6.042
9.727
29.43
11.89
9.405
5.390
4.622
8.97
16.83
7.045
5.699
7.22
7.139
8.36
7.445
8.374
5.918
5.225
4.147
9.40

*8.11
9.19
7.785

* >40.
11.04
5.655

12.790
5.385
7.44

16.709
10.436
19.70

“ > 7 .
10.758

9.945
6.422
8.752

10.308
14.18
4.65
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Table 15. (cent ) Prominent Minor Planets or A.steroicls
No.

— .
hrame Dia. q’ax  — ~ —y-- ] O

—. _ . —  _
w M Period Rotation

km AU deg deg deg deg year hrs—_ ——_— ____ _ ___ _ ____

4 3 3  l;ros 20 s 1.4.58  0 . 2 2 2 9
951 Gaspra 14 s 2.210 0.1737
4 3 4  llungaria 10 1: 1.944 0.0740

..—

liable ]5: Size, Orbits and rotation periods [35] of promi-
nent ot)jccts.  l’his table is sorted by(<ir,~ which are largely
determined from the visual and infrared (fron~ IRAS)  rnag-
netudes,  although a fcw are from stellar occultations and
other sources. All objects with diameters larger than 200
krn are included. A few smaller objects are included because
of unusrraJ characteristics or because they are Galileo fly-by
targets (951 Gaspra and 243 Ida, a Koronis  family mem-
ber). 24 ‘J’hemis, 221 EOS, 158 Koronis, 170 Maria and 8
Flora  arc prominent representatives of major asteroid fam-
ilies of collision fragments. The low perihelion distances
(usually denoted g = a(l -- .)) for 433 Eros (g= 1.133 AU)

1 0 . 8 3  3 0 3 . 7  178,6  122,1 1.761 5.270
4.10 252.7 129.4 52.9 3.286 7.042

22.51 174.8 123.8 258.3 2.711 26.51

and 1036 Ganyllled  (q : 1.234AU)  indicate that they are
Mars’ closscrs.  2060 C~hiron  is in a distant, comet-like or-
bi t .  in i t ia l ly  a  point  sc)urce, it was cata]ogued as axl as.
teroid, I,ut  subsequently exhibited cometary activity as it
approacl(ed  perihelion. TJlere  is no secure diameter mea-
surement, although its brightness indicates a large diameter
of several hundred ku). ‘1’he three largest asteroids have rare
or unusual taxonornies,  ‘J’he epoch for the orbit parameters
is oct. ], ]989,  although they are referenced to the 1950
equinox and ecliptic (table and notes from J. G. Williams).

*: Periods are uncertain or controversial.

Tal~le 16. Near Eaith A steroids _...__ _ .__.
N o Name ‘- Dia. Pv Rot . 9 e 1 E n c o u n t e r

2062 A t e n
2 1 0 0  Ra-Shalorm
2 0 6 3  Bacchus
2340 Hathor
3 3 6 2  Khufu
3554 Amun

1862
1566
1620
1685
1863
1865
1866
2102
2201
3103
3200
4179
4183
4197
4486

4034

A p o l l o
Icarus
Geographos
q’oro
Antinous
Ccrtwrus
Sisyphus
‘1’antalus
Oljato
19821111
Phaethon
‘1’outatus
Curio
1982 7’A
1987 SB
1988 II;G
1986 JK
1986 I’A

km hrs AU date(dist.in AU)— _—— —-—____ __ ______ — —.——

0.9 0.20
2.4 0.09

0.7 0.16
2.0 0.17

1.5 0 . 2 1
0.9 0.42
2.0 0,19
5.2 0 . 1 4
1.8 0.18
1.0 0.26
8.2 0.18

1 . 4  0 . 4 2

6.9 0.08

19.79

3.065
2.273
5.227

10.196
4.02
6.80

>24.0

0.790 0.183
0.469 0.437
0.701 0.350
0.464 0.450
0.526 0.469
0.700 0.281

0.647 0.560
0.187 0.827
0.827 0 . 3 3 6
0.771 0.436
0.890 0.606
0.576 0.467
0.873 0,539
0.905 0.299
0.905 0.299
0.907 0.354
0.140 (1.890
0.921 0.634
0.718 0637
0.522 0773
0.743 (1 663
0.636 0499
0.896 0680
0.589 0.444

18.9 1/12/95(0.127)
15.8 9/26/97(0.171)
9.4 3/31/96(0.068)
5.9 10/25/00(0.197)
9.9 1/24/00(0.293)

23.4

6.35
22.9
13.3

9.4
18.4
16.1
41.2
64.0
64.0
20.9
22.1

0.5
6.8

12.2
3.0
3.9
2.1

11.2

6/11/96(0.101)
8/25/94(0.033)
8/02/96(0.221 )
4/10/99(0.190)
11/24/98(0.163)

12/21/97(0.138)

8/06/96(0.115)

11/29/96(0.035)
12/22/00(0.143)
10/25/96(0.085)
8/14/00(0.047)
?/28/98(0.032)
7/11/00(0.122)
8/28/97(0.206)
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TABLE l-ontinued).—. ——.. -—
N o N a m e  ‘-——~ia. P, Rot . 9 e 1 E n c o u n t e r

km hrs AU date(dist.in AU)—. — .—— .— ————.————. — —

4 7 6 9  Castelia 0.5.50 0.483 8.9 4/08/93(0.132)

433
887
1036
1580
1627
1980
3102
3288
3361
3552
3671
3908—

E r o s

Alinda
Ganymed
Betulia
Ivar
Tezcatlipoca
1981 QA
Seleucus
Orpheus
Don Quixcke
Dionysius
1982 PA

22 0.18 5.27 1.133 0.223 10.83
4.2 0.23 73.97 1.101 0.560 9.27

38.5 0.17 10.31 1.229 0.539 26.6
7.4 0 . 0 3 6.13 1.119 0.490 52.1
8.1 0.12 4.80 1.124 0.397 8.4
4.3 0.21 1.085 0.365 26.9 11/16/97(0.274)

148 1.189 0.447 8.4
2.8 0.17 75.  1.103 0.457 5.9
0.8 0.819 0.323 2.7 2/12/98(0.167)

18.7 0.02 1 . 2 1 2  0.714 30.8
1.003 0.543 13.6 7/06/97(0.114)
1.056 0.317 10.8 10/27/96(0.061).—— —- ———————-—— —.— —.-———

Table 16: Prominent Aten, Apollo, and Amor class near taken  from a list of 85 objects with well determined orbits for
earth asteroids.  Orbit elements ( g z a(l -- e)), c,inclination which the estimated population is over 4000 ( V(I, O) < 18).
1, date (mm/d d/yr) of closest approach tc, earth and corre- Thc  size, visual albcdo  (P, ) and rotation period  are given if
spending minimum separation (in AU) during the 1993-2000 known [72].
time period are from D. Yeoma,ns  (priv.  comm.  ). These arc

T@hlc  17. Ast eroicl MasLl til~n-aik?~ls

Object M a s s  Diam.  dens i t y  r e f .
1022 g k m  g  c m- 3

—— .————————-—. —.— . .

Ceres 117*6
104+6
99+4

Pallas 22+4
28*4

Vests 28*2
30+6

Hygeia 9+4

.—.. .—— ——--—-

Tablc  17: Masses and densities exist for only four large as
teroids.  l’hcsc  m~sses  result from tracking their orbital per-
turbation of other asteroids (a,b,d  ) detected from ground-
based astrometry: (a) Schubart [94], (b) Landgraf [63], (c)

940 2.7 a

2.4 b
2.3 C

538 2.6 a
3.4 c

525 3.6 a
3.9 c

427 2.3 C

Scholl et al. [93] or radio tracking of Viking Mars’ landers
(d) Standish and Hellings  [1 02], and from which these results
were obtained.
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Tab]c 18. Prominent Short Period Comets:_—— —.
Q I

Epoch 131950—
e r,a 1P Ml MzComet

Arend
Arcnd-Rigaux
Ashbrook-Jackson
Ilocthin
Ilorrelly
IIrooks 2
Ilrorsen-Metcalf
Churyumov-

Gerasimenko
Comas Solzi
Crommcliu
d’Arrest
Dcnning-klrjikawa
du l’oit-llartlcy
lhlcke
Fayc
Finlay
Forbes
Gchrcls  2
Giacobini-

Zinncr
Grigg-Skjcllcrup
Gunn
Halley
Hartley 2
Honda-Mrkos-

Padu&ikov6
Kopff
Olbers
I’ons-Winnecke
Schaumassc
Schwa.wn-lann-

Wachmann  2
lcrnpcl 2
I’empcl-’ltrttlc
llrttlc-Giacobini-

Kres~k
Wild 2
Wirtancn
Wolf

1 h)

deg dcg— — . .  .  . — .
359.75 47.06

.> ___ __ .—. —— . ..—
355.4; 19.929 0.53’;03 3.9961 2448402.5 9 . 5  15:0

17.888 0.60005
12.494 0.39191
4.871 0.77436

30.323 0.62390
5.548 0.49073

3.5950 2448532.2 10.0 15.5
3.82’79 2449182.5 1.0 11.5
5.1329 2 4 5 0 5 5 6 . 2  1 0 . 0  14.0
3.6112 2452167.2 4.5 13.0
3.6196 2449596.5 9.0 13.5

358.31 329.06
2.36 348.69
0.36 22,31

359.03 353.36
0.56 197.99

121.45
1.97

13.74
74.74

176.25
0.27

3.04
359.50
359.36
359.19

29.62

11.34
45.74
95.99
78.04

310.88

50.35
60.20

249.93
138.30
35.72

308.56
333.89
198.88
41.42

333.65
209.90

194.68
212.63

67.86
58.14

219.24

88.48
120.28
85.16
92.75
80.39

113.57
117.54
234.58

140.82
135.53
81.61

203.44

19.331 0.99196 17.073 2447781.4 7.8 14,0

7 . 1 1 0  ().63021
12.914 0.56779
28.959  0 .91875
19.528 ().61404
9.130  0 . 8 1 7 9 2
2.938 0.60161

11.750 0.84690
9.091 0 .57818
3.669 0 .71030

7.16  0 .56811
6.’263 0.46357

3.5156
4,2719
9.2046
3.4871
4.3372
3.0050
2.2177
3.7774
3.5746
3.3481
3.7289

2450100.1
2450244.9
2455778.5
2449925.8
2450236.5
2448862.1
2451797.1
2448576.6
2449842.5
2451302.5
2450667.6

9.5 14.5
8.0 12.5

12.0 16.0
8.5 16.0

15.0 19.0
14.0 18.0
9.8 14.5
8.0 14.0

12.0 17.0
10.5 1 5 . 5
5 . 5  130

0.43 337.56
3.48 251.57
1.00 186.49

357.83 203.95
359.70 323.47

2.88 310.72
1.77 192.80

3 5 9 . 2 2  172.52
2.87 359.27

358.78 196.79
0.12 111.85

359.41 180.74

0.39 326.05
2.11 162.76

359.84 64.41
359.31 172.30

3.5229 2448725.7 9.0 15.5
2.9633 2448825.6 12.5 17.0
3.6010 2450288.9 5.0 10.0

17.9415 2446470.9 5.5 13,0
3.4432 2450804.3 10.5 14.5

31.828 0.70649
21.104 0.66433
10.378 0.31632

162.239 0.96728
13.63 0.70037

4.257 0.87512
4.724 0.54408
44.67 0.93031

22.302 0.63443
11.846 0.70487

3.0211 2451998.3 13.5 18.0
3.4645 2450266.6 3.0 13.5

16.8666 2460491.9 5.0 1 1 . 5
3.4354 2450084.9 10.0 16.0
4.0734 2449050.6 9.0 15.5358.79

358.59
1.91
0.24

358.80
357.74

57.45

4.2357 2452292.9 7 . 6  14.0
3.1051 2451429.9 4.0 15,0
10.335 2450872.5 9.0 13.0

18.33
95.00
72.52

4.552 0.19529
11.980 0.59282
162.49 0.90551

61.68
41.70

9 . 2 3 0  0.6b642
3.248 0.54023

11.683 65225
27.483 0.40560

3.1003 2449927.1 10.0 18.0
3.4422 2450575.1 6.5 13.0
3.1152 2448520.1 9.0 15.50.06 356.15

2.13 162.29 4.0843 2448862.6 10.0 16.0— _  .— _——.——. — .—. — _. .—-.  ———

Table 18: I’his  list of short period comets (period <200 clear (M~)magnitudes.  All comets are affected by nongrav-
yr) }~as been drawn from a much larger list compiled by D. itational forces related tc~ sublimation of ices (HQO,  COQ,
Yeornans  (priv.  comm.)  and are themselves primarily taken N, NHz, etc. ) which can significantly change the orbit over
from Minor Planet Circulars (also see [1 17]). ‘I’he material time, especially the timings of perihelion pasage. Some ~s-
includes orbital data (epoch 1950): a, e, 1,.L’,  w,fl, the Julian teroids  such as 944 Hildalgo  may be extinct comets.
date of perihelion passage and the absolute (A41 )and nu-
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Table 19. Sun: Physical Properties—. . ..— . ..—_— — ———- —.—— — —

GMO
Mass
Radius a (photosphere)
Angular diameter at 1 AU
Mean density
Surface gravity
Moment of inertia I/MFi2
Escape  velocity .W = @~/3

Adopted siderial  period b

Pole: (RA Llec)
Obliquity to ecliptic
Longitude of ascending node

Surface rotation ratea  u
as function of’ latitude @

Solar constant (1 AU) f
Solar luminosity Lo
Mass-energy conversion rate
Effective temperature = (L~/as~)114
Surface Temperature (photosphere) “

Motion relative to nearby stars c

Motion relative to 2.73°1{ 13J3
deduced from thermal dipole d

Sun spot cycle
Cycle 22 solar sunspot maximum

Photospheric depth”

Chromospheric  depth

—.—.——.——— .__— — — — _ _ — _

1.327124399(4 4 5) X 1011 km3 S -2

1.9891 X 1 030 kg
6.960 X 105 km
1919’!3”
1.408 g cm--3

2740  ins-z
0.059
617.7 km s-”]

25.38d
a = 286.13°;6  = 63,87°
7015’
75°46’ + 84’7’

(v= 462- 75sin 2 @ - 50sin4 ~) nHz
( 462 nHz = 14.37° d-’)

136’/.6 W m-z
3.846 x 1033 ergs s- ]
4,3 x 1012 gm s-’
577fi°K
6600 °1{(bottom);  4400 °1<(top)

apex: a = 271°; b :: +30°
speed:  19.4 km s- 1 = 0.0112AU  d-l
369 :!: 11 km S-]

apex: 1 = 264°7 + 0.8; b = 48?2 4: 0.5

11.4}r
1991
H 4(KI km
w 2500 km

———— . ..— — . . . . ..—

l’able  19: See Cox et rd. [26] for general summary of result  [70], ‘lThe solar constant varies by 0.04% during a
solar sc]cncc.  References: a) Alcock [?]; b) Davies et al. solar cycle. IJuri]lg  solaI maximum, sunspots can change
[29]; c) Allen [1]; d) Smoot  et al, [99]; c) SMM/ACRIM the solar constant by 1 /4Yo during one rotation.
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Table 20.  Solar  Interior  Model____ _____.—.. —
M,/MR r / R ) P r e s s u r e  Temp. Density L,/LR  -

dyne cm -2 106 Ii g cm-3 L R— — . . . — _  .  — _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ .  _ _ _ _  ._

0.0000
0.0103
0.0406
0.1026
0.2023
0.3036
0.4051
0.4981
0.5985
0.6979
0.7991
0.8989
0.9504
0.9803
0.9951
0.9999

0.0000
0.0462
0.0766
0.1116
0.1520
0.1873
0.2216
0.2546
0.2943
0.3419
0.4073
0.5129
0.6177
0.7363
0.8489
0.9634

2.477 + 17
2.144+17
1.716+17
1.234+  17
7.889 + 16
5.108+16
3.248+ 16
2.066 + 16
1.182+  16
6.048+ 15
2.460+ 15
6.198+14
1.731+14
4.203+13
7.059+ 12
9.941+10

15.710
15.010
14.00(1
12.650
11,100

9.864
8.803
7.920
7.012
6.114
5.138
4.594
3.082
2.031
1.000
0.190

162.2
138.4
110.6
81.64
56.62
40.34
28.42
20.01
12,93
7.584
3.679
1.231

0.4386
0.1604
0.0549
0.0043

0.0000
0.0819
0.2766
0.5514
0.7969
0.9150
0.9683
0.9896
0.9983
0.9999
1.0002
1.0002
1.0001
1.0001
1.0001
1.0001

— —-——
l’able  20: Standard model by Cox, Grrdzik and Kidman models [45] differ for internal radius < O.l RO and which

[26] w},ich constrains the metallicity factor Z = 0.02 and the have 10~, lower central pressure and density.
helium mass fraction to Y = 0.291. Cc,mpeting  “standard” a: pre~sure  column reads: 2.477 + 17 = 2.477 x 1017.

Table  21. Solar Luminosity History-- —-—

t R(t)/R(4.6) T, pc T,fl  I,(t) /L(4.6)
Gyr 106 K g cm-3 K

0.00
0.50
1.00
1.50
2.00
2,50
3.00
3.50
4.00
4,64

0.8755
0.8939
0.9050
0.9153
0.9268
0.9386
0.9516
0.9651
0.9801
1.0000

13.69
13.75
13.92
14.12
14.32
14.54
14.78
15.04
15.32
15,71

81.44
90.19
9555

101.5
108.3
115.6
124,3
133.8
145.2
16’2.2

5649
5678
5692
5704
5717
5729
5741
5750
5761
5’(70

0.7044
0.7496
0.7745
0.8000
0.8262
0.8561
0.8872
0.9185
0.9539
1.0000

. ..- ——_— —— —__ . —... — —— ..— — —.. . . .

‘lablc  2]: Evolution of solar luminosity, radius, central the increase in Irrminosity  is primarily due to a change in
temperature l:, pressure P, and density pc, from solar ig,- photospheric  radius.
nition  at zero agc to the present at 4.6 C;y [26]. Note that
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